Although internal electron transfer and oxygen reduction chemistry in cytochrome c oxidase are fairly well understood, the associated groups and pathways that couple these processes to gated proton translocation across the membrane remain unclear. Several possible pathways have been identified from crystallographic structural models; these involve hydrophilic residues in combination with structured waters that might reorganize to form transient proton transfer pathways during the catalytic cycle. To date, however, comparisons of atomic structures of different oxidases in different redox or ligation states have not provided a consistent answer as to which pathways are operative or the details of their dynamic changes during catalysis. In order to provide an experimental means to address this issue, FTIR spectroscopy in the 3,560-3,800 cm −1 range has been used to detect weakly H-bonded water molecules in bovine cytochrome c oxidase that might change during catalysis. Full redox spectra exhibited at least four signals at 3,674(+), 3,638(+), 3,620(−), and 3,607(+) cm −1 . A more complex set of signals was observed in spectra of photolysis of the ferrous-CO compound, a reaction that mimics the catalytic oxygen binding step, and their D 2 O and H 2 18 O sensitivities confirmed that they arose from water molecule rearrangements. Fitting with Gaussian components indicated the involvement of up to eight waters in the photolysis transition. Similar signals were also observed in photolysis spectra of the ferrous-CO compound of bacterial CcO from Paracoccus denitrificans. Such water changes are discussed in relation to roles in hydrophilic channels and proton/electron coupling mechanism.
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energy coupling | mitochondria | respiratory chain | complex IV M itochondrial cytochrome c oxidase (CcO) catalyses electron transfer from cytochrome c to molecular oxygen, conserving the released energy as coupled transmembrane proton transfers. It is a member of a homologous "superfamily" of oxidases that includes diverse bacterial forms; all types in the CcO subgroup contain a common "catalytic core" of subunits I, II, and III with equivalent metal centers of Cu A , heme a. and a binuclear center (BNC) that is formed from heme a 3 and Cu B (1, 2). Structures of bovine mitochondrial (3, 4) and various bacterial (5-7) CcOs have been solved at atomic resolution and show common details in the binuclear heme a 3 ∕Cu B catalytic site, other cofactors, key amino acids, and several unusual structural features. These structural data, coupled with a substantial body of biophysical and spectroscopic studies, have provided detailed information on internal electron transfer and the chemical catalytic cycle of oxygen reduction.
Crucially, however, these structural data have not provided a single picture for all forms of CcO of the pathway(s) for coupled proton transfer and, therefore, the interplay between electron transfer/oxygen chemistry and the intraprotein proton transfer reactions that result in proton-motive action. Crystal structures of bacterial forms of CcO reveal two possible proton transfer pathways in subunit I, termed the "D" and "K" pathways (5). The D pathway leads from the negative aqueous phase toward a functionally crucial glutamic acid (bovine E242; Paracoccus denitrificans E278; Rhodobacter sphaeroides E286) that is close to both hemes a and a 3 , whereas the K pathway leads from the negative aqueous phase toward the BNC (5) . A wide range of studies, in particular with mutants of bacterial CcO, have suggested that the K pathway delivers the first, and possibly the second, proton to the BNC for water formation, whereas the D pathway provides a common pathway both for the additional two to three protons required for water formation in the BNC and for all four of the translocated protons (8, 9) . However, a number of key aspects of this model remain unresolved. First, in most structures there is no clear proton connectivity between the end of the D channel and E242 or from E242 to the BNC or the subsequent proton translocation path. Related to this is the question of how protons on E242 are correctly gated between the proton translocation path and the BNC. A further major challenge has arisen from structural studies of bovine mitochondrial CcO where a quite different redox-and ligand-sensitive "H" pathway (4, 10) has been suggested to provide the proton translocation path. Mutations in this H pathway in bovine CcO appear to uncouple proton translocation (10) . An equivalent H pathway is present but not continuous in bacterial CcOs, but mutations in this region show no effect on coupling (11, 12) . However, no structural changes have been seen in the bacterial D channel (7, 13) , and to date only changes in the K and H pathways have been discerned in structures of the Rb. sphaeroides CcO (7).
Water molecules are found within all three hydrophilic channels, though the H-bonded networks that they form with hydrophilic amino acids are incomplete. Instead, as is necessary to prevent uncoupling, dynamic changes of structured waters and associated amino acids are envisaged (4, 14) . Indeed, molecular dynamic simulations suggest that additional internal waters might be present in protonic "gaps" in crystallographic data and that transient water reorganization is feasible during catalysis that could make/break specific proton pathways (14) . FTIR work on bacteriorhodopsin (15, 16) and photosystem II (17) has shown that structural changes of water molecules can be monitored if they are either weakly or strongly hydrogen-bonded or occur as protonated clusters (16) . In the case of weakly H-bonded waters (or those with a "dangling" bond), the OH stretch bands are narrowed and the v as components can upshift into the 3;500-3;800 cm −1 range where they can be detected because they are outside the strong 3;200-3;500 cm −1 absorption envelope of liquid water (18, 19) . These and other types of structured waters have been observed by time-resolved FTIR methods to play key roles during the protonmotive photocycle of bacteriorhodopsin (16) . Here we show that weakly H-bonded water molecules are also present in CcO and that their properties are influenced by redox and ligand state changes.
Results and Discussion
Redox-Linked Water Molecule Changes. Fig. 1 shows the electrochemically induced reduced minus oxidized FTIR difference spectrum of bovine CcO at pH 8.5. Data in the 1;800-1;400 cm −1 range (Fig. 1B ) are similar to published spectra (20, 21) . The troughs at 1,749 and 1;736 cm −1 arise from two protonated carboxylic amino acids. Similar, but simpler, changes occur in the same frequency range in redox spectra of CcO from P. denitrificans, Rb. sphaeroides, and Escherichia coli (22) (23) (24) and have been assigned to their E242 equivalent (E278, E286, and E286, respectively). The bovine CcO 1;749 cm −1 component, which also appears in the ferrous state of bovine CcO after CO photolysis, most likely also arises from E242, which undergoes a downshift because of increased H bonding to its immediate environment (25) . The 1;736 cm −1 band is from a different residue, possibly D51 (26) and appears to arise from an intensity decrease, caused either by deprotonation or by a decreased bond polarity. The high-frequency IR range of the same redox spectrum of bovine CcO (Fig. 1A ) has bands at 3,674(+) and 3,638(+), 3,620(−) and 3;607ðþÞ cm −1 . These bands, which are roughly 8 times weaker than the signals in the carboxyl region, are typical for weakly H-bonded water molecules (15) . This region of the redox difference IR spectra of CcO from P. denitrificans has been reported (27) . In this case, a band at 3;610 cm −1 appeared in the reduced state and was interpreted as possibly a water formed on reduction within the BNC. Our data in Fig. 1B have been simulated with three positive and one negative Gaussian components, which must arise from at least three species appearing or undergoing bandshifts. However, the fit indicates that additional, weaker signals are also present in this region, though these cannot be assigned quantitatively with confidence at the current signal/ noise level. The dominant 3;620ð−Þ∕3;607ðþÞ cm −1 component may be related to the 3610 cm −1 band reported in CcO from P. denitrificans (27) , but in our case appears to be a shift, indicating a water molecule that is present in both oxidized and reduced states.
Ligand-Linked Water Molecule Changes. CO photolysis/rebinding to fully reduced bovine CcO is particularly convenient for FTIR investigations of ligand-induced changes as the ferrous-CO complex can be repetitively photodissociated and recombined. CO-photolysis spectra of bovine CcO and other homologues have been well characterized in the 2;200-1;000 cm −1 range (21, 28, 29) . Fig. 2A shows CO-photolysis spectra of bovine CcO in the high-frequency range at pH 8.5 in a standard H 2 16 O buffer (top trace). A complex pattern of band changes is evident with frequencies ranging from 3,560 to 3;680 cm −1 and intensities 4-5 times lower than that of the 1;749∕1;741 cm −1 carboxyl group bandshift (Fig. S1) .
The same CO-photolysis difference spectrum was recorded in D 2 O media ( Fig. 2A, middle trace) . The spectrum shown was scaled to that in H 2 16 O based on their intensities of the CO stretching mode at 1;963 cm −1 (Fig. S1A ). This resulted in the disappearance of all major features in the 3;560-3;700 cm −1 range and lends weight to their assignment to water OH stretches since H/D exchange should cause an approximate 900 cm −1 downshift of their frequencies (30) . To confirm this assignment, the same photolysis spectrum was recorded in H 2 18 O media. In this case, all bands (apart from one of the positive bands in the 3;645-3;630 cm −1 region) were still evident but downshifted by 6-18 cm −1 ( Fig. 2A , lower trace, and Table S1 ), close to the 14 cm −1 downshift observed for the OH v as band in model water studies (30) . These isotope effects demonstrate definitively that the signals arose from alterations of weakly H-bonded water molecules in the CcO structure.
In order to assess the number of water molecules that might be involved, the difference spectrum in H 2 16 O was simulated with a set of Gaussian components, all fixed to a nominal bandwidth (FWHM) of 6 cm −1 , which is typical for such water species (31) . A reasonable fit required eight positive and seven negative bands ( Fig. 2A, green overlays) , corresponding to at least eight waters that either contribute bandshifts or positive signals. Three of these positives had similar frequencies to the three positive bands observed in the reduced minus oxidized difference spectrum (Fig. 1A) , as should be the case because the positives arise from the unligated reduced form of CcO in both types of spectra.
Comparison with a Bacterial Homologue. Fig. 2B shows an equivalent CO-photolysis difference spectrum (pH 8.5; H 2 16 O buffer) in the high-frequency range obtained with a bacterial (P. denitrificans) form of CcO (lower trace). The general pattern of signals is similar to the bovine data ( Fig. 2A, top trace) . At least seven positive and five negative Gaussian components could be fitted to the P. denitrificans data between 3,700 and 3;575 cm −1 (Fig. 2B , red and green overlays) suggesting that at least seven water molecules reorganize on ligand binding to the fully reduced CcO.
Structural and Mechanistic Considerations. Water molecules have been identified crystallographically in several internal regions of subunit I of both bovine mitochondrial and bacterial CcOs (Fig. 3) . Around 10 waters are located "below" E242/E278 in the D channel, the majority of which are in similar positions in bovine and P. denitrificans CcOs, though extending closer to E278 in the latter. Both also have a cluster of bound waters "above" the heme a 3 close to the Mg 2þ ∕Mn 2þ ion, together with water between the heme a propionates; some of these might form part of an "exit" pathway for protons that are translocated via E242/278. In published structures of oxidized CcOs, only three waters associated with the K channel have been located, again in similar positions in bovine and P. denitrificans enzymes (Fig. 3) . Further waters have been detected crystallographically in the H channel region (Fig. 3) . However, this channel is not continuous in bacterial CcO structures and has less resolved water molecules.
Roles for additional waters and structural mobility in these regions have been suggested. For example, there are gaps in protonic connectivity between E242/278 and the possible exit pathway and also between E242/278 and the binuclear center itself. It has been proposed that at least four crystallographically undetected, mobile water molecules in these regions might transiently reorganize during catalysis to provide gated protonic connectivity across these gaps (32, 33) . In Rb. sphaeroides CcO, three additional waters appear between oxidized and reduced states in the region of the K channel closest to the BNC, whereas one is lost between E286 and the BNC (7). Data on bovine CcO indicate redox-and ligand-induced structural perturbations in the H channel region (4) and have led to the proposal that proton translocation might occur in bovine CcO via its H channel in a mechanism that is different to the D channel route in bacterial CcOs.
In bacteriorhodopsin, a prominent water signal has been reported in the 3;600-3;800 cm −1 region. This could be assigned to a water with a dangling OH group within a pentameric H-bonded structure formed with two other waters and adjacent amino acids (16) . Identification of such waters in the available CcO structures is not presently feasible. The most likely location of the IR-detected waters described here is in the apparent gaps around E242/278 (34) and/or within the H channel region cavities (4) where water molecules might rearrange during catalysis to form transient gated proton pathways. Their weaker binding and more flexible conformations could prevent their being detected in present X-ray crystal structures. Observation of the water IR signatures during controlled redox potentiometry or conversion between intermediates, together with specific point mutations in the putative proton channels, provide a direct means to locate them and, therefore, to establish the proposed roles of these channels in the proton/electron coupling mechanism in different CcOs.
Concluding Remarks
These data show definitively that weakly H-bonded water molecules within the bovine CcO structure undergo structural perturbations in response to ligand (CO) changes at the binuclear center and to redox changes of the redox cofactor(s). Such structured water changes, working in concert with alterations of protonatable amino acids in one or more of the putative H, D, and K channels, are likely to be central to the CcO proton/electron coupling mechanism. The making and breaking of H bonds in water chains would provide the basis for formation of transient proton pathways and controlled gating during catalysis. It is noteworthy that the pattern of water changes observed are quite similar in both bovine mitochondrial and bacterial (P. denitrificans) forms of CcO. This suggests that a common proton coupling and gating mechanism is operative in both mitochondrial and bacterial systems.
Materials and Methods
Chemicals were purchased from Sigma-Aldrich and D 2 O (D, 99.9%) and H 2 18 O ( 18 O, 97%) from Cambridge Isotope Laboratories, Inc. Nitrogen and carbon monoxide gases were purchased from BOC Ltd.
Cytochrome c Oxidase Preparations. Bovine cytochrome c oxidase was prepared from beef heart by a procedure (35) that yields "fast" enzyme with a characteristic Soret maximum at 424 nm. The final preparation was dissolved in 50 mM bicine, 0.1 mM potassium EDTA, 0.1% (wt∕vol) Tween-80, pH 8.5, to a concentration of 150 μM, as quantitated from the dithionitereduced minus oxidized optical difference spectrum using an extinction coefficient of Δϵ 606-621nm ¼ 25.7 mM −1 cm −1 (36) . Aliquots were stored at −80°C until required. Wild-type P. denitrificans CcO was provided by Mårten Wikström (Institute of Biotechnology, University of Helsinki, Helsinki, Finland) and was prepared as in ref. 37 .
FTIR Spectroscopy. Mid-IR spectra were recorded in attenuated total reflectance (ATR) or transmission mode with a Bruker IFS/66S FTIR spectrophot- Fig. 3 . Comparison of the hydrophilic channels and their associated water molecules in bovine and P. denitrificans CcOs. Crystal structures of subunit I of oxidized CcOs from bovine (PDB ID code 1V54 (26), green) and P. denitrificans (PDB ID code 3HB3 (13), orange) were aligned on their a 3 hemes. Amino acids and crystallographically resolved water molecules within the D, K, and H channels are displayed as spheres (green, bovine CcO; orange, P. denitrificans CcO). See text for details.
ometer fitted with a liquid nitrogen-cooled MCT-B detector at 4-cm −1 resolution, giving an accuracy of cited frequencies of AE1 cm −1 . A narrow band filter (FWHM 4;020-3;620 cm −1 , Northumbria Optical Coatings Ltd.) was used to isolate the high-frequency region in order to increase signal/noise.
Electrochemically-Induced ATR-FTIR Redox Difference Spectra. CcO (1.5 nmol) was diluted in 2 mL of 50 mM KPi pH 8.5 + 0.1% (wt∕vol) cholate and pelleted by ultracentrifugation at 300;000 × g, 4°C, for 1 h. The process was repeated a second time with 50 mM KPi pH 8.5 and 30 min ultracentrifugation, and a third time with 1 mM KPi pH 8.5 and 15 min ultracentrifugation. The protein pellet was resuspended with 80 μL of 1 mM KPi pH 8.5 and aliquoted in 10-μL samples. These ATR-ready samples were flash-frozen in liquid nitrogen and stored and −80°C until required. For each ATR-FTIR experiment, an ATRready sample was placed on a silicon prism (3-mm diameter, 3-bounce, SensIR Europe), dried under a nitrogen flow, and finally rewetted with the buffer of the experiment. Typically, such samples had an amide II band ΔA at 1;550 cm −1 of ≈0.14. An ATR-FTIR compatible cell with a platinum mesh working electrode was assembled on top of the sample layer. It was connected via a Vycor frit to platinum sheet counter and Ag/AgCl reference electrodes (38) . The chamber was filled with a freshly prepared mediator solution and the sample was allowed to equilibrate for 1 h before starting any redox experiment. Buffer alone was placed in the reference/counter electrode chamber. Reduced minus oxidized spectra were induced electrochemically in 100 mM bicine at pH 8.5, containing 500 μM potassium ferricyanide and 50 μM benzyl viologen as redox mediators. Working electrode potentials (versus the standard hydrogen electrode) were þ500 mV for oxidation and −400 mV for reduction. IR difference spectra were measured by recording a background spectrum (1,000 interferograms) at one potential, then switching to the second potential and recording a sample spectrum (1,000 interferograms) after 12-min equilibration. Redox cycles were repeated 452 times on three different samples and reductive and oxidative spectra were averaged to produce the redox spectra shown. Control spectra were regularly recorded over the full mid-IR spectral range in order to assess the quality and stability of the sample during data acquisition.
CO-Photolysis Difference Spectra by Transmission FTIR Spectroscopy. CcO (2 nmol) was reduced with 0.1 M Na dithionite in 0.1 M bicine pH 8.5 and left to equilibrate on ice for 30 min. The sample was then reoxidized and rinsed by repeated dilution/reconcentration in 10 mM bicine at pH 8.5 and 4°C using ultrafiltration (Vivaspin, 30 kDa cutoff). The final concentrated protein sample (ca. 10 μL) was placed on a CaF 2 window, mixed with 1 μL of CO-saturated 0.2 M Na dithionite in 1 M bicine pH 8.5, and exposed to a stream of H 2 O-saturated CO for 1 min, before placing a second window on top and sealing with silicon vacuum grease. Optimal samples had a ΔA of amide I + water at 1;650 cm −1 of ≈0.8 and of amide II at 1;550 cm −1 of ≈0.3. Actinic light was provided by a 250-W quartz-iodine lamp, filtered with glass, water, and a BG39 cutoff filter, and delivered to the sample via a light pipe. "Light minus dark minus dark" spectra were recorded at 277 K as follows (28): 100 interferograms were averaged to provide an initial dark baseline, after which the light was switched on and a sample spectrum (100 interferograms) recorded after 1 s. Finally, the light was switched off, and the recording was repeated after 1 s dark relaxation in order to provide an estimate of sample baseline drift. Light/dark cycles were repeated up to 4,000 times on three different samples and signal averaged to produce the data shown. Spectra in the mid-IR region were periodically checked during data acquisition to assess sample quality and stability. 18 O (39), using ultrafiltration (Vivaspin, 30 kDa cutoff). The sample was then diluted 10-fold in 10 mM bicine at pD/pH 8.5 containing 12 μM Tween-80, 5 mM Na ascorbate and 10 μM hexamine ruthenium (II) chloride, and incubated overnight at 4°C. The sample was then diluted 3-fold in D 2 O or H 2 18 O, pelleted by ultracentrifugation at 300;000 × g for 1 h at 4°C, and finally resuspended in 10 mM bicine containing 12 μM Tween-80 at pD/pH 8.5. The CcO-CO sample for transmission measurements was then handled as described above, but with D 
